In the auditory system, sounds are processed in parallel frequency-tuned circuits, beginning in the cochlea. Activity of auditory nerve fibers reflects this frequency-specific topographic pattern, known as tonotopy, and imparts frequency tuning onto their postsynaptic target neurons in the cochlear nucleus. In birds, cochlear nucleus magnocellularis (NM) neurons encode the temporal properties of acoustic stimuli by "locking" discharges to a particular phase of the input signal. Physiological specializations exist in gradients corresponding to the tonotopic axis in NM that reflect the characteristic frequency (CF) of their auditory nerve fiber inputs. One feature of NM neurons that has not been investigated across the tonotopic axis is short-term synaptic plasticity. NM offers a rather homogeneous population of neurons with a distinct topographical distribution of synaptic properties that is ideal for the investigation of specialized synaptic plasticity. Here we demonstrate for the first time that short-term synaptic depression (STD) is expressed topographically, where unitary high CF synapses are more robust with repeated stimulation. Correspondingly, high CF synapses drive spiking more reliably than their low CF counterparts. We show that postsynaptic AMPA receptor desensitization does not contribute to the observed difference in STD. Further, rate of recovery from depression, a presynaptic property, does not differ tonotopically. Rather, we show that another presynaptic feature, readily releasable pool (RRP) size, is tonotopically distributed and inversely correlated with vesicle release probability. Mathematical model results demonstrate that these properties of vesicle dynamics are sufficient to explain the observed tonotopic distribution of STD.
Introduction
Short-term synaptic depression (STD) is a fundamental property expressed throughout the nervous system. Mechanisms of STD have been investigated at diverse synapses including the neuromuscular junction (Liley and North, 1953; Elmqvist and Quastel, 1965; Betz, 1970) , the squid giant synapse (Kusano and Landau, 1975) , the climbing fiber to Purkinje cell synapse (Dittman and Regehr, 1998; Xu-Friedman et al., 2001) , and the calyx of Held (Wu and Borst, 1999; Neher and Sakaba, 2001) . STD is computationally significant because synaptic efficacy is highly dependent on recent activity. This is particularly important for temporally sensitive neurons like those in the auditory pathway that receive relatively few synaptic inputs, where each input has a large influence on postsynaptic spike probability. We therefore investigated synaptic efficacy in topographically organized auditory synapses.
Sound processing occurs in parallel circuits organized according to the frequency to which neurons are most sensitive. This "tonotopic" organization originates in the cochlea, where auditory nerve (nVIII) fibers inherit their tuning from their hair cell inputs. Lower-frequency (Ͻ2 kHz) nVIII fibers also encode temporal information by "locking" discharges to a particular stimulus phase (Warchol and Dallos, 1990; Köppl, 1997; Fukui et al., 2006) , and precise phase-locking is necessary for binaural computations of sound source location. These nVIII fibers synapse onto nucleus magnocellularis (NM), a division of the cochlear nucleus in birds.
Neurons in NM are arranged along a tonotopic rostro-caudal axis (Rubel and Parks, 1975) . Frequency tuning imparts a gradient of temporal constraints at synapses along this axis with respect to phase-locking, in that the stimulus period varies over orders of magnitude. Accordingly, several anatomical and physiological features of NM neurons vary systematically by tonotopic position. For example, high characteristic frequency (CF) neurons (Ͼ2500 Hz) receive only a few large nVIII inputs, whereas low CF neurons (Ͻ500 Hz) receive 8 -10 small inputs (Köppl, 1994; Fukui and Ohmori, 2004) . It is unknown how this gradient of unitary synaptic input magnitudes influences processing in NM. Further, the contribution of prominent STD observed in NM has not been investigated with respect to the tonotopic axis (Zhang and Trussell, 1994a; Brenowitz and Trussell, 2001b; Fukui and Ohmori, 2004) .
We investigated how unitary inputs along the tonotopy vary in their ability to evoke postsynaptic discharges in NM neurons. We show that, compared with high CF inputs, low CF synapses are less effective at evoking responses in NM neurons in a stimu-lus rate-dependent manner. One mechanism that may underlie this observation is STD. We demonstrate that STD is differentially expressed along the tonotopic axis such that high CF synapses exhibit less depression than do low CF inputs to NM. Further, we demonstrate that the mechanisms underlying the gradient of STD arise largely from presynaptic factors, including differences in the number of vesicles available in the readily releasable pool (RRP), and the correlated release probability values at those synapses. Together, these data suggest that short-term plasticity in NM may be tuned according to tonotopic position, primarily through presynaptic vesicle dynamics.
Materials and Methods
We recorded from 143 cells, using 41 White Leghorn chicks (Gallus gallus domesticus) of either sex, aged E19 -P2. Fertilized eggs were obtained from a commercial poultry supplier (Moyer's Chicks) and raised at Lehigh University's central animal facility. All procedures were approved by the Lehigh University Institutional Animal Care and Use Committee and were performed in compliance with the Public Health Service Policy on Human Care and Use of Laboratory Animals.
In vitro brain slice preparation. Before surgery, embryos were brought to room temperature, while post-hatch subjects were anesthetized with isoflurane (MINRAD). Chicks were rapidly decapitated and the brainstem containing auditory nuclei was removed, blocked, and submerged in oxygenated artificial CSF (aCSF; containing, in mM: 130 NaCl, 3 KCl, 10 glucose, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 3 CaCl 2 , and 1 MgCl 2 ) at 22°C. The brainstem was placed rostral surface down on the stage of a vibrating microtome (Microm International) to collect 200 m coronal sections containing the NM. Sections were maintained in topographic order in an incubation chamber of continuously oxygenated aCSF and incubated at 37°C for ϳ1 h, and then maintained at room temperature until used for recording. The tonotopic position of NM slices was estimated according to position along the rostro-caudal dimension (Rubel and Parks, 1975; Fukui and Ohmori, 2004) . Using the topographic position scheme of the Ohmori group, NM neurons were assigned to one of three topographically ordered CF subsections (Fukui and Ohmori, 2004) . Low CF neurons were defined as those within the first (most caudal) slice that contained NM and the lateral half of the second slice. High CF neurons were defined as those within the last slice containing NM and the medial half of the second-to-last slice. All other neurons were defined as middle CF.
Recording arrangement. Brainstem slices were placed in a custom recording chamber on a retractable chamber shuttle system (Siskiyou), and neurons were visualized with a Nikon FN-1 Physiostation microscope using infrared differential interference contrast optics. Video images were captured using a CCD camera (Hamamatsu) coupled to a video monitor. The recording chamber was continuously superfused with aCSF at a rate of 1-2 ml/min. Measurements of [Ca 2ϩ ] in chick CSF are in the range of 2.5-2.8 mM (Maki et al., 1990) , and many previous studies in chick NM have used aCSF with 3 mM [Ca 2ϩ ] (Raman and Trussell, 1992; Zhang and Trussell, 1994a,b; Otis et al., 1996; Brenowitz and Trussell, 2001a,b; Lu and Trussell, 2007) . To allow for direct comparison, we performed all experiments in 3 mM [Ca 2ϩ ] aCSF. An inline feedback temperature controller and heated stage (Warner Instruments) were used to maintain chamber temperature at 35 Ϯ 1°C, which was verified daily with a calibration thermistor. Principal NM neurons were identified based on their characteristic round morphology.
Patch pipettes were pulled from thick-walled borosilicate glass capillary tubes (WPI) to a resistance of 3-7 M⍀ using a two-stage puller (Narishige) and back-filled. We used a potassium-based solution for current-clamp experiments (containing, in mM: 145 K-gluconate, 5 KCl, 1 MgCl 2 , 10 HEPES, and 5 EGTA, pH adjusted to 7.2 with KOH), and a cesium-based solution for voltage-clamp experiments (containing, in mM: 125 CsMeSO 3 , 15 CsCl, 1 MgCl 2 , 10 HEPES, 5 EGTA, pH adjusted to 7.2 with CsOH). For voltage-clamp experiments, QX-314 (5 mM) was added to the internal solution to prevent antidromic action potentials. Only cells with a resting membrane potential negative to Ϫ50 mV were used. For voltage-clamp experiments, membrane potential was clamped at Ϫ60 mV using an Axon Multiclamp 700B amplifier, and series resistance was compensated at 60 -70%. Junction potentials were calculated and not corrected (15.3 mV in current clamp, and 13.9 mV in voltage clamp).
The signal was digitized with a Digidata 1440 data acquisition board and recorded using Clampex software (Molecular Devices). EPSCs were evoked by 50 s stimulus pulses with a stimulus isolation unit (A.M.P.I.) through either a bipolar tungsten electrode or an aCSF-filled monopolar glass electrode. To isolate AMPA-mediated EPSCs, 20 M SR-95531 hydrobromide (SR), 500 nM strychnine hydrochloride (SN), and 50 M D-(Ϫ)-2-amino-5-phosphonopentanoic acid (AP5) were added to aCSF. Cyclothiazide (CTZ) was added at 40 M from a stock solution in DMSO to evaluate the role of AMPA receptor desensitization, and an equivalent concentration of DMSO was added to the control solution for these experiments. To ensure that CTZ did not affect presynaptic release, in a separate experiment, we measured the number of spontaneous EPSCs (sEPSCs) during 30 s recording epochs. We observed no significant change in number of sEPSCs following application of CTZ (987.40 Ϯ 786.66 sEPSCs in control, 810.20 Ϯ 678.39 in CTZ; Student's paired t test, p ϭ 0.644, n ϭ 5).
EPSCs were evoked by electrical stimulation of single nVIII inputs. We positioned the stimulating electrode over the tissue surface with a micromanipulator (Siskiyou), in a dorsolateral position proximal to the cell of interest. Unitary evoked EPSCs were isolated using a minimum stimulation protocol (Dobrunz and Stevens, 1997) . EPSCs were considered unitary provided that EPSC amplitude was independent of stimulus amplitude (range 5-90 V), EPSC latency and kinetics were consistent, and EPSCs responded in an all-or-none manner so that a reduction in the stimulus amplitude led to a complete loss of the EPSC. Synaptic inputs that did not meet these criteria were discarded. Large EPSCs had a tendency to not decay completely before the onset of subsequent EPSCs, which then summated. The amplitude of these EPSCs was therefore measured from the inflection point of the evoked response riding on the previous EPSC, rather than from zero. Tonic current was measured as the residual current excluding the transient component of the EPSC. We used 30 s recording epochs to estimate sEPSC quantal size. To ensure that sEPSCs were representative of single quanta and not multivesicular release, we observed them before and after tetrodotoxin (TTX) application in five cells. There was no difference in the mean sEPSC amplitude in the presence or absence of TTX (Ϫ127.3 Ϯ 35.1 pA in control, Ϫ105.1 Ϯ 21.8 pA in TTX, n ϭ 5, p ϭ 0.12, paired-samples t test). Since sEPSC amplitudes did not change, and the evoked EPSC amplitude was typically an order of magnitude greater than sEPSC amplitude, we interpreted the mean sEPSC amplitude of each cell to be an estimate of quantal size. All drugs were acquired from Sigma, except for TTX from Alomone Labs and SR and AP5 from Tocris Bioscience.
Mathematical model of STD. To simulate depression of EPSCs, we modified a previously developed mathematical model that incorporated both vesicle depletion and receptor desensitization (Brenowitz and Trussell, 2001a) . Inputs to the model were based on empirical data whenever possible, including release probability (P R ), total number of release sites (N 0 ), and quantal size (q) in pA. To equate N 0 with RRP size, we assumed univesicular release for each release site. Parameters were calculated immediately before and immediately after synaptic release, and included the number of release sites occupied with a readily releasable vesicle (N i ), and the fraction of receptors that were in a nondesensitized state (␤ i ). Initial, rested values were N i ϭ N 0 and ␤ i ϭ 1, and the number of vesicles released per pulse, or quantal content (m i ), was calculated as the product of N i and P R . The resultant peak EPSC amplitude (I i ) was calculated as follows:
An intermediate step between pulses calculated values for N i and ␤ i immediately following the preceding pulse. Accordingly, the number of occupied release sites immediately after release (N i post ) was described as: N i post ϭ N i * (1 Ϫ P R ), and the fraction of nondesensitized receptors was described as:
B , where A and B are scaling factors for the magnitude of receptor desensitization.
Finally, recovery of depleted release sites and desensitized receptors were calculated using time constants rec and ␤ , respectively. The number of occupied release sites at the onset of the next pulse were therefore described as follows, dependent on the interstimulus interval (int):
Similarly, the fraction of nondesensitized receptors available for the next pulse were calculated as: 
Results
Spike entrainment to unitary synaptic input differs across the tonotopic axis in NM Neurons in low CF regions of NM have a higher input resistance and a longer axon initial segment than those in high CF regions and are, thus, more excitable (Fukui and Ohmori, 2004; Kuba and Ohmori, 2009 ). However, unitary nVIII inputs to low CF cells are known to be ϳ10-fold smaller than those to high CF cells (Fukui and Ohmori, 2004) . To investigate how this tonotopic variation in inputs to NM leads to differences in spike entrainment to repetitive stimuli, we examined postsynaptic responses to unitary input stimulation across the tonotopy of NM using whole-cell current clamp.
Neurons were selected from both high (n ϭ 14) and low (n ϭ 12) CF regions. Postsynaptic discharges could be evoked by a unitary single-pulse input in all synapses, with the exception of two low CF synapses that were excluded from further analysis. GABA A and glycine receptors were blocked with antagonists SR (20 M) and SN (500 nM), respectively. We then presented 15 pulse stimulus trains at 50, 100, and 200 Hz. Figure 1A shows 10 representative traces for both high and low CF NM cells following 100 Hz stimulation. Over the course of the stimulus train, spike probability typically decreased, especially for low CF synapses. Temporal jitter generally increased with pulse number for both high and low CF synapses. This trend was especially pronounced for low CF synapses; however, the larger increase in temporal jitter of spike time for these synapses was not statistically different from that for the high CF synapses ( p ϭ 0.37). Responses to the first and 15th pulse are illustrated on expanded timescales in Figure 1B , where the differences in spike probability are most evident. Indeed, we found that low CF synapses failed more often at every stimulus rate. This feature is illustrated in Figure 1C for data recorded at 50 Hz (i), 100 Hz (ii), and 200 Hz (iii), and was statistically significant in each condition (2 ϫ 15 mixed repeated-measures ANOVA, F (2.33,39.65) ϭ 3.996, p ϭ 0.021 at 50 Hz, F (3.34,60.16) ϭ 8.493, p ϭ 0.000048 at 100 Hz, and F (2.93,58.56) ϭ 3.741, p ϭ 0.016 at 200 Hz).
These data confirm the conclusion from previous studies that while unitary nVIII inputs to NM neurons are usually capable of evoking a response, their efficacy is highly dependent on stimulus rate and duration (Zhang and Trussell, 1994b; Brenowitz and Trussell, 2001b) . However, this property is more pronounced at low CF synapses compared with their high CF counterparts. This observation suggests that in addition to the several known tonotopically distributed physiological features in this structure, it is possible that a stimulus-dependent synaptic property such as STD may contribute to the response pattern that we observed. We therefore evaluated STD at single nVIII-NM excitatory synapses across the tonotopic axis in NM.
Synaptic depression of unitary synaptic inputs differs across the tonotopic axis in NM
NM neurons from frequency-specific regions were voltage clamped at Ϫ60 mV during stimulation of single presynaptic nVIII fibers to record pharmacologically isolated unitary EPSCs. In a manner similar to that of the previous experiment, we stimulated nVIII fibers with 15 pulse trains at 50, 100, and 200 Hz (Fig. 2) . Figure 2A shows representative averaged traces from individual high and low CF cells, which are presented together and normalized to the amplitude of EPSC 1 in Figure 2B (arrows indicate amplitude of 15th pulse). As expected, synaptic responses exhibited prominent STD, and initial EPSC amplitude was larger in high CF cells than in low CF cells (Zhang and Trussell, 1994a; Fukui and Ohmori, 2004) . The magnitude of STD, however, varied systematically between tonotopic positions. For low CF cells, STD was significantly larger compared with high CF inputs (Fig. 2C , data fitted with double exponential functions; see Materials and Methods). As a metric of STD, a depression index was calculated as the difference between 1 and the mean of the final 3 normalized EPSC values in the train, so that the depression index ranged from a minimum of 0, indicating no depression, to a maximum of 1, indicating complete depression. The depression index was significantly lower at high CF synapses for all stimulus rates measured ( Postsynaptic contributions to STD are not tonotopically arranged STD has been shown in previous studies to depend on both presynaptic and postsynaptic mechanisms. If presynaptic plasticity were invariant across the tonotopy, postsynaptic properties such as receptor desensitization could lead to the apparent difference in STD. AMPA receptor desensitization at NM synapses is known to be dependent on the magnitude of the glutamate signal in the synapse (Raman and Trussell, 1992) . Therefore, large EPSCs at high CF synapses may desensitize postsynaptic receptors to a greater extent than the smaller EPSCs observed at low CF synapses. It is then possible that postsynaptic receptor desensitization varies along the tonotopic axis and contributes to the tonotopic distribution of STD. To test this hypothesis, we first evaluated unitary EPSC size along the tonotopy and its relationship to STD. In a second experiment, we blocked AMPA receptor desensitization with CTZ and evaluated its contribution to STD. Figure 3Ai shows the distribution of initial EPSC amplitude for high (white bars) and low (black bars) CF neurons. Consistent with previous reports, markedly smaller synaptic inputs were observed for very low CF synapses. Indeed, the rested EPSC amplitude distribution for low CF neurons had a mean initial EPSC amplitude of Ϫ3.71 Ϯ 2.51 nA, while the mean for high CF neurons was significantly larger at Ϫ8.30 Ϯ 3.37 nA (t test, n ϭ 28 and 32, respectively; p ϭ 0.0000001). Figure 3Aii shows initial EPSC amplitude plotted against the depression index for the 50 Hz protocol in Figure 2C . EPSC amplitude and depression index were not correlated for either high (r ϭ 0.267, p ϭ 0.14) or low (r ϭ Ϫ0.220, p ϭ 0.26) CF cells. Pooling the data across the tonotopic axis showed that peak amplitude was also not significantly correlated with the depression index (r ϭ Ϫ0.238, p ϭ 0.067). These data suggest that EPSC amplitude effects alone are not likely to underlie the observed differences in STD.
Although EPSC amplitude at rested synapses is not strongly correlated with the depression index, receptor desensitization may vary across the tonotopy and contribute to the distribution of STD. Since NM synapses have been shown to exhibit prominent AMPA receptor desensitization, which influences depression Zhang and Trussell, 1994a; Otis et al., 1996; Brenowitz and Trussell, 2001a) , we examined this possibility by using a desensitization antagonist, CTZ. If desensitization contributes to stronger depression in low CF synapses, then one would predict that CTZ would relieve a greater amount of desensitization in low CF cells.
Application of 40 M CTZ increased the decay time of EPSCs as expected (Fig. 3B) . When we stimulated synapses with 15 pulse trains in both control aCSF and in the presence of CTZ (Fig. 3C) , CTZ treatment caused EPSCs to sum with the decaying tail of a previous current, especially at high stimulus rates. This resulted in a residual, "tonic," component of the EPSC. Therefore, postsynaptic currents were measured in two ways. First, transient EPSC amplitude was measured from its onset inflection point (Fig. 3C, EPSC) . Second, tonic current was measured as the current remaining after the transient components of individual EPSCs were subtracted (see Materials and Methods). We investigated relief from desensitization by comparing the mean of the final three EPSC amplitudes recorded in control aCSF and in CTZ (Fig. 3D , dashed line represents no change). We found that transient EPSC amplitudes were not different between conditions in either population (Table 1) . Additionally, we observed that tonic current increased approximately 4-fold in both populations during application of CTZ at high stimulus rates, which did influence overall depression ( Fig. 3E; Table 1 ). Importantly, however, the degree of relief from depression was not different between low and high CF populations. Since we observed similar current increases in both low and high CF synapses when relieving AMPA receptor desensitization, it is unlikely that postsynaptic receptor desensitization contributes to the observed stronger STD at low CF synapses. Rather, these findings suggest that presynaptic mechanisms are more likely to contribute to this phenomenon.
Presynaptic mechanisms contribute to STD differences along the tonotopic axis Presynaptic features of NM synapses could underlie STD via regulation of vesicle release or availability. To first assess whether presynaptic factors could contribute to the difference in STD observed along the tonotopy, we calculated the coefficient of variation (CV) for the EPSCs in Figure 2 , as shown for a low CF neuron (Fig. 4A) . CV has previously been used to infer changes in quantal content, a presynaptic feature (Martin, 1966; Zhang and Trussell, 1994a; Kuba et al., 2002) . EPSCs with a low quantal content exhibit large, stepwise variation, because individual quanta contribute a large percentage of the EPSC amplitude. Conversely, EPSCs with a large quantal content exhibit less variation, as each vesicle represents only a small component of the EPSC. Changes in CV with repeated stimuli indicate a change in presynaptic vesicle release characteristics. This property is illus- trated in Figure 4B , which shows pulses 1 and 15 on an expanded time base with calculated CVs. High CF cells had a lower rested CV than their low CF counterparts (n ϭ 17 and 16 for high and low CF, means ϭ 0.079 Ϯ 0.021 and 0.140 Ϯ 0.179, p ϭ 0.029, Student's t test), suggesting that EPSCs in high CF neurons had a larger quantal content. Additionally, CV increased over the duration of the stimulus for both populations in all but the low CF, 200 Hz data (Fig. 4C ), which suggests a decrease in EPSC quantal content in both populations during STD. These results indicate an activity-dependent reduction in EPSC quantal content. Presynaptic features relevant to vesicle trafficking such as differences in rates of vesicle replenishment, release probability, and the number of vesicles available for release may underlie the observed differences in synaptic depression. We performed experiments to test each of these possible mechanisms of STD.
Recovery of EPSC amplitude following STD is not tonotopically distributed
The rate of EPSC recovery after STD is known to affect depression kinetics (O'Donovan and Rinzel, 1997; Dittman and Regehr, 1998). Following STD, depleted vesicles are replenished from a recycling pool (Elmqvist and Quastel, 1965; Sü dhof, 2000; Rizzoli and Betz, 2005) . Since the time interval between stimuli is brief during high stimulus rate trains, the fast recovery time constant ( r-fast ) has the greatest influence on STD kinetics. We predicted that if recovery rate contributes to the tonotopic distribution of STD, recovery kinetics would be faster for high CF synapses.
To examine whether the rate of EPSC recovery contributes to the observed difference in STD, we observed recovery following a conditioning train of 20 pulses at 50 Hz (Fig. 5A) . A test pulse was applied at various time points following the conditioning train, from 25 to 3200 ms. The response was then compared with the initial EPSC amplitude to evaluate recovery from depression (Fig. 5B) . Consistent with data shown in Figure 2 , low CF synapses depressed to a greater extent than high CF synapses (Student's t test, n ϭ 10 and 8 for high and low CF, depression index ϭ 0.668 Ϯ 0.177 and 0.478 Ϯ 0.123, p ϭ 0.021). EPSC recovery of the population means in all but one cell was well described by standard double exponential fits for both low and high CF populations (Fig.  5C ). We used a weighted tau ( r-w ) to provide a direct comparison between curve fits with differing weights for rfast and r-slow , representing the time in milliseconds required to recover from ϳ63% of EPSC depression (see Materials and Methods). Although low CF synapses had a greater depression index, curve fits to mean data were remarkably similar ( r-w ϭ 1.171 and 1.185 s, for high and low CF, respectively). Correspondingly, r-w values calculated from individual recovery functions were not statistically different between high and low CF populations ( r-w ϭ 1.339 Ϯ 1.094 s, n ϭ 10, and 1.451 Ϯ 0.926 s, n ϭ 8, for high and low CF, respectively; Student's t test, p ϭ 0.82). Together, these results indicate that vesicle recovery following depletion is not responsible for our observed difference in STD between high and low CF synapses. We next examined vesicle pool sizes as a potential mechanism.
Readily releasable pool size varies systematically along the tonotopic axis Presynaptic vesicles that are available for immediate release upon the arrival of an action potential are known as "readily releasable vesicles," and reside in the empirically defined RRP. Depletion of vesicles from the RRP is a major contributor to STD (Liley and North, 1953; von Gersdorff and Matthews, 1997; Wang and Kaczmarek, 1998; Schneggenburger et al., 2002; Zucker and Regehr, 2002; Foster and Regehr, 2004; Taruno et al., 2012) . The fraction of vesicles within the RRP that are released following a single presynaptic action potential is known as release probability, which also influences the rate of depression at these synapses (Brenowitz and Trussell, 2001a) . Since both RRP size and release probability contribute to STD properties, we investigated whether either or both varied tonotopically and thus could contribute to our observed differences in STD.
To estimate the quantal content of an EPSC (the number of vesicles released in response to a single-action potential), we used the following equation, EPSC amplitude ϭ N * p * q, where evoked EPSC amplitude is described as the product of three components: the quantity of readily releasable vesicles in the RRP ( N), the probability of release of an individual readily releasable vesicle in response to a presynaptic action potential ( p), and the quantal size of a readily releasable vesicle (q). Quantal size was estimated using sEPSCs (Fig. 6A) , which are thought to draw from the same vesicle pool as those released during evoked activity (Groemer and Klingauf, 2007) . We recorded 30 s of spontaneous activity to estimate mean sEPSC amplitude, which was smaller for low, compared with high, CF synapses, whereas middle CF synapses were not different from either group (Ϫ73.9 Ϯ 23.9 pA, Ϫ81.4 Ϯ 31.3 pA, and Ϫ89.2 Ϯ 24.2 pA for low, middle, and high CF synapses, respectively; one-way ANOVA, p ϭ 0.095, Student's t test, p ϭ 0.022). We estimated RRP size and release probability using long depression trains (Fig. 6B) in low, middle, and high CF synapses (Schneggenburger et al., 1999) . This method has been applied successfully in NM and many other synapses (Brenowitz and Trussell, 2001b; Kirischuk et al., 2005; Stevens and Williams, 2007; Kawasaki and Ordway, 2009; Pan and Zucker, 2009; Babai et al., 2010; Lou et al., 2012; Thanawala and Regehr, 2013) . To isolate vesicles that were initially in the RRP from those replenished during stimulation, we applied a 40 pulse, 100 Hz stimulus to the presynaptic nVIII fiber to bring synaptic responses to a steady state. Current exceeding steady state was interpreted as originating from vesicles within the RRP, and divided by quantal size to estimate the quantity of readily releasable vesicles. To segregate this current from steady state, a cumulative amplitude plot was constructed for each neuron, and a line was fit to the final 10 pulses where the steady state creates a linear slope that is extrapolated back to the y intercept (Fig. 6C , population data plotted to illustrate variance). The current value at the y-intercept provides the estimate of quanta in the RRP (Fig. 6C, arrows ). Vesicle release probability was then calculated as the fraction of vesicles from the RRP released by the first pulse.
RRP size was significantly greater in middle (n ϭ 16) and high (n ϭ 32) CF neurons than in low (n ϭ 24) CF neurons (Fig. 6D , one-way between-subjects ANOVA, F (2,69) ϭ 10.997, p ϭ 0.000072, post hoc p ϭ 0.00031 and 0.00055, respectively). Release probability trended toward lower values with tonotopic position (Fig. 6E) but was not statistically different between tonotopic groups (one-way between-subjects ANOVA, F (2,69) ϭ 0.141, p ϭ 0.87). We then examined the relationship between each individual cell's estimated RRP size and release probability. As shown in Figure 6F , release probability was significantly inversely correlated with RRP size on a synapse-by-synapse basis (r ϭ Ϫ0.34, p ϭ 0.0038). Both RRP size and release probability are factors controlling vesicle availability and, therefore, are expected to have a direct impact on STD. The distribution bias of either high RRP size or low release probability toward high CF synapses may therefore underlie the observed tonotopic distribution of STD.
Observed release probability distribution is sufficient to generate tonotopic variation in STD RRP size and release probability are presynaptic factors that should predominantly influence the early phase of depression as the RRP is being depleted. We therefore examined early and late phase kinetics of depression during 40 pulse stimuli with respect to tonotopic position. As with the 15 pulse stimuli observed in Figure 2 , depression for these synapses was well represented by double exponential decay functions with both fast and slow components (see Materials and Methods) . The values for tau weighted ( w ), which describes the overall kinetics of depression, were significantly smaller for low CF synapses than for either middle or high CF (Fig. 7A , one-way between-subjects ANOVA, F (2,63) ϭ 6.640, p ϭ 0.0024, post hoc p ϭ 0.014 and 0.0035, respectively), confirming that low CF synapses depress faster than high CF synapses. When the underlying kinetic components were analyzed separately, the slow component ( slow ) was not different between groups (Fig. 7B , one-way betweensubjects ANOVA, F (2,63) ϭ 0.901, p ϭ 0.41). However, fast values were significantly smaller for low compared with high CF synapses (Fig. 7C , Student's t test, p ϭ 0.010), consistent with rapid depletion of their smaller RRPs. Together, the tonotopic distribution of RRP size and depression kinetics suggest that depletion of the RRP directly contributes to the observed tonotopic variation in STD.
Our data suggest two possible presynaptic mechanisms responsible for the observed difference in depression: RRP size and release probability. To examine how each of these mechanisms could contribute to STD, we used a mathematical model that incorporated both vesicle depletion and receptor desensitization. We were first interested in the explanatory power of RRP size for synaptic depression. To test this, we simulated the 40 pulse, 100 Hz tetanus protocol used above. Grand population mean values were used to set release probability (0.2817) and quantal size (Ϫ82.38 pA). Additionally, input parameters were adjusted so that a curve fitted to the model's normalized EPSC amplitude had decay values representative of the broad range of empirical fast , slow , and depression index values as release probability or RRP size varied. The fast grand mean of empirical data was 12.2 Ϯ 5.91 ms, while that for slow was 918 Ϯ 578 ms, and depression index was 0.659 Ϯ 0.172. Using the grand population mean for release probability and RRP size, output from the mathematical model was well fit by a double exponential curve, which had a fast of 13.0 ms, a slow of 766 ms, and a depression index of 0.612. We then set the number of initially occupied release sites (N 0 ) to six representative values chosen from the population data (marked A-F in Fig. 6F ; 50, 150, 250, 350, 450 , and 550 release sites). Since manipulation of N 0 scaled EPSC amplitude, but not relative vesicle replenishment or receptor desensitization, we saw no effect on depression kinetics (Fig. 7D) .
We then asked if changes to release probability could lead to differences in depression kinetics similar to those we observed across the tonotopic axis. Release probabilities varied greatly across the population, so we used six P R values representing the range of values predicted by the fitted line in Figure 6D and marked with circles A-F. N 0 was held constant at the empirically derived grand mean of 260.76 release sites. Shown in Figure 7E , variation of P R lead to a systematic shift in depression kinetics. The smallest P R (Fig. 7E , line F, 0.226) corresponded to the portion of the fitted line with the highest RRP size, and exhibited slow depression kinetics characteristic of high CF synapses. In contrast, the largest P R (Fig. 7E, line A , 0.322) represented the portion of the fitted line with the smallest RRP size, and exhibited fast depression characteristic of low CF synapses. Together, these data suggest that the observed range of P R values is sufficient to generate the range of depression kinetics observed across the tonotopy.
Discussion
In this report, we show for the first time, to our knowledge, shortterm synaptic plasticity at a central synapse that is distributed topographically. Specifically, we demonstrate that STD at the nVIII-NM synapse varies systematically across the tonotopic axis. This feature does not depend on postsynaptic receptor desensitization or on the rate of vesicle replacement. Rather, the data suggest that the mechanism underlying the gradient of STD in NM is variation in release probability. Although RRP size varied topographically, with RRPs in high and middle CF terminals containing approximately twice as many vesicles as low CF terminals, mathematical modeling did not show a relationship between occupied vesicle release sites and de- sEPSCs) . B, EPSCs evoked in the same neuron by a 40-pulse, 100 Hz protocol shows depression to a steady state, measured as the final 10 pulses (highlighted). C, Cumulative amplitude plots of population averages for low (triangles, n ϭ 24), medium (diamonds, n ϭ 16), and high (squares, n ϭ 32) CF groups. Linear fits to the final 10 pulse responses are extrapolated back to the y-intercept. Intercepts (arrows) indicate estimate of current from readily releasable vesicles. D, RRP size of low (black box), medium (gray box), and high (white box) CF synapses. Low CF synapses have a significantly smaller RRP size than both middle and high CF synapses (one-way between-subjects ANOVA, F (2,69) ϭ 10.997, p ϭ 0.000072, post hoc ***p ϭ 0.00031 and ***p ϭ 0.00055, respectively). E, Release probability of low (black box), medium (gray box), and high (white box) CF synapses trended downward but was not statistically different (one-way between-subjects ANOVA, F (2,69) ϭ 0.141, p ϭ 0.87). F, Scatter plot showing significant trend of inverse correlation between RRP size and release probability (r ϭ Ϫ0.34, p ϭ 0.0038). Points A-F mark values used in the mathematical model. pression kinetics. These data indicate that presynaptic vesicle dynamics, reflected in both postsynaptic action potential entrainment and depression of EPSCs, are likely to be specialized for computational function, in a manner similar to that of several other known topographically distributed morphological and electrophysiological properties in NM. This distribution of STD in NM should have significant computational implications for sound localization specifically, and temporal processing in general.
In the auditory system, tonotopy has driven the expression of several physiological characteristics along this principal axis. For example, NM membrane properties vary such that high CF neurons preferentially express low voltageactivated potassium channels, and have a more hyperpolarized resting potential and fewer voltage-activated sodium channels at the action potential initiation site (Fukui and Ohmori, 2004; Kuba and Ohmori, 2009 ). The morphology of nVIII inputs to NM is distributed such that high CF inputs terminate in end bulb-like terminals that cover at least 25% of NM cell circumference; middle CF inputs show a mix of end bulbs and bouton-like structures, whereas low CF inputs show no end bulb-like terminals (Parks, 1981; Jhaveri and Morest, 1982; Carr and Boudreau, 1991; Köppl, 1994; Fukui and Ohmori, 2004) . EPSC properties distribute along this gradient in kind; high CF EPSCs have been reported to be an order of magnitude larger, with a less variable evoked EPSC amplitude than their low CF counterparts (Fukui and Ohmori, 2004) , a finding confirmed in this study. Depression at these synapses is well described (Zhang and Trussell, 1994a; Brenowitz and Trussell, 2001b) , and our findings that both entrainment and STD are tonotopic underscore the likely computational significance of STD at this synapse.
Mechanisms of tonotopically distributed STD are presynaptic
One mechanism of synaptic plasticity examined in our study was recovery rate from depression, which is indicative of replenishment of depleted vesicles within the RRP from vesicles in the recycling pool (Wang and Kaczmarek, 1998) . Following a 50 Hz conditioning train, where low CF synapses depressed more than their high CF counterparts, we observed that EPSCs recovered to rested amplitude with similar time constants. Therefore, replenishment of depleted vesicles within the RRP is not likely to be a contributing factor to the observed difference in STD.
We next asked whether vesicle depletion contributed to the observed tonotopic difference in depression; specifically, whether RRP size or release probability was distributed tonotopically. Although we observed only a tonotopic trend in release probability, it was significantly inversely correlated with the tonotopic increase in RRP size. These differences may be due to the gradient of synaptic morphology, from predominantly boutons for low CF to almost exclusively end bulbs of high CF nVIII inputs. Since the density of release sites for vesicles tends to scale uniformly with surface area (Dondzillo et al., 2010) , and the number of synaptic vesicles increases linearly with synapse volume (Pierce and Mendell, 1993; Murthy et al., 2001; Welzel et al., 2011) , the larger end bulb-like synapses of high CF inputs likely support a larger RRP. We then found that depression kinetics were dependent on tonotopic position; specifically, we found that fast of depression was greater in high CF synapses (Fig. 7C ). The mathematical model showed that the variation in RRP size alone could not explain the depression measures. In contrast, the correlated differences in release probability were sufficient to replicate empirical differences in STD in the model. Together, these data suggest that the distribution of release probability within NM is a primary driver of tonotopic representation of STD.
Functional implications of tonotopically distributed STD
The systematic variation of STD observed here is likely to have significant functional consequences. Overall, synapses that are resistant to STD tend to have a linear input-output function, whereas synapses that exhibit significant depression preferentially encode the stimulus onset (Tsodyks and Markram, 1997) . In bushy cells of the anteroventral cochlear nucleus, mammalian analogs of NM neurons, STD reduces the efficacy of poorly timed inputs relative to well timed inputs, thus improving temporal precision (Yang and Xu-Friedman, 2009 ). In NL, the target of NM neurons, STD functions as a gain control mechanism by reducing EPSC amplitude with increases in input rate, which may adaptively increase the input synchrony required to initiate spiking at higher stimulus intensities to maintain constant temporal selectivity (Kuba et Observed release probability distribution is sufficient to generate tonotopic variation in STD. A, w of synaptic responses to a 40-pulse protocol for low (n ϭ 18), middle (n ϭ 12), and high (n ϭ 27) CF synapses. Six synapses that were not well described were excluded from analysis. Low CF synapses had significantly faster w than both middle and high CF synapses (one-way between-subjects ANOVA, F (2,63) ϭ 6.640, p ϭ 0.0024, post hoc *p ϭ 0.014 and p ϭ ** 0.0035, respectively). B, slow , which was not significantly different across the tonotopy (one-way between-subjects ANOVA, F (2,63) ϭ 0.901, p ϭ 0.41). C, fast , which was significantly greater for high CF synapses than for low CF synapses (Student's t test, *p ϭ 0.010). D, Mathematical model of normalized EPSC amplitude following a 40-pulse, 100 Hz stimulus. RRP size is varied in 6 conditions (A-F ) according to the points on the fitted line in Figure 6F , while release probability is held constant at the observed population mean (0.2817). E, Mathematical model with release probability varied in 6 conditions (A-F ) according to the points on the fitted line in Figure 6F , while RRP is held constant at the observed population mean (260.76 vesicles).
ment show similar properties in NM. Further, temporal jitter of spikes in response to single evoked EPSCs is known to be greater in low CF synapses (Fukui and Ohmori, 2004) . We observed that in addition to this property, temporal jitter increased with pulse number. Excitatory currents from rested synapses in NM have been shown to be ϳ30-fold threshold current, yet quickly depress below threshold when stimulated at high rates (Zhang and Trussell, 1994a,b) . The resistance of high CF synapses to STD may contribute to their ability to initiate postsynaptic spiking during prolonged stimulus trains. However, recent studies at functionally similar synapses have shown that conditioning a synapse with in vivo-like spontaneous stimulus trains constrains the range of STD relative to the first response with a persistent level of depression, while not affecting the rate of recovery (Hermann et al., 2007) . The mean spontaneous firing rates of nVIII inputs to NM neurons have been reported in the range of 20 -86 Hz (Manley et al., 1991; Salvi et al., 1992; Saunders et al., 2002; Fukui et al., 2006) , suggesting that nVIII inputs are likely to be chronically depressed. If so, the input-output function of NM neurons may be highly dependent on the spontaneous rate of each of its nVIII inputs.
The tonotopically distributed STD that we observe in NM is likely to also have functional consequences for phase-locking. Since stimulus periodicity varies from tens of milliseconds for low CF neurons to 0.5 millisecond or less for neurons representing high-frequency stimuli (Warchol and Dallos, 1990; Köppl, 1997) , NM neurons may use different computational strategies to integrate nVIII inputs at different positions along the tonotopic axis. Previous studies have demonstrated that for NM neurons, a larger number of synaptic inputs leads to stronger phase-locking (Kuba and Ohmori, 2009 ). Low CF neurons, with their higher number of inputs, may integrate several inputs per stimulus cycle to improve phase locking. As in NL, STD may act to increase phase-locking by narrowing the coincidence window required for inputs to cause an action potential. In contrast, the low number of inputs to high CF neurons suggests that integration of several inputs may not be possible. Rather, high CF neurons in NM may be disrupted by spontaneous or poorly timed input, because they lie at a tonotopic position where stimulus frequency far exceeds the spontaneous or driven firing frequency. In this way, high CF synapses may benefit from resistance to STD by ensuring that a chronically depressed input is still capable of driving a response in the absence of coincident multiple inputs. Finally, postsynaptic features such as NM spike threshold are affected on time scales similar to those of STD. Subthreshold input can cause NM neurons to become refractory for a short time, in part due to Na ϩ channel accommodation (Howard and Rubel, 2010) . The resistance of high CF synapses to depression also may maintain suprathreshold input to prevent depressed inputs from driving the postsynaptic cell to a refractory state.
In summary, we demonstrate that entrainment of NM neurons, when driven by unitary inputs, is dependent on tonotopic position. We found topographically distributed STD in a central synapse, due primarily to differences in presynaptic properties. Finally, while we show a gradient of RRP size in which high CF RRPs have nearly twice the quantal content observed for low CF synapses, the range of observed release probabilities is more likely to mechanistically influence depression kinetics. It remains unknown exactly how the tonotopic gradient of STD influences the output of NM neurons, or how this feature interacts with other tonotopically distributed features. We predict that synaptic plasticity of nVIII inputs is matched to the membrane properties of their NM targets. This may function to maintain suprathreshold EPSCs in high CF neurons while enabling summation to enhance phase-locking in low CF neurons.
